I[NTRODUCTION]{.smallcaps} {#sec1-1}
==========================

Regulation of water intake and excretion helps maintain extracellular fluid tonicity, within a narrow range, which is crucial for proper cell functions. Maintenance of water balance is primarily dependent on an intact thirst mechanism, vasopressin synthesis and renal tubular responsiveness to vasopressin action.\[[@ref1]\] Diabetes insipidus (DI) is a heterogeneous clinical syndrome of disturbance in water balance characterized by the passage of large volumes of dilute urine and the presence of an inordinate thirst. In children three pathophysiologic mechanisms give rise to polydypsia and polyuria:

*Central* (vasopressin sensitive, hypothalamic, neurogenic) DI caused by defective vasopressin synthesis and/or secretion.*Nephrogenic* (vasopressin resistant) DI caused by defective renal tubular response to vasopressin action.*Primary polydypsia* due to compulsive water drinking (psychogenic) or defective thirst mechanism (dipsogenic).

In children, Nephrogenic DI (NDI) is more common than Central DI (CDI) and is most often acquired.\[[@ref2]\] X linked NDI accounts for 90% of all the congenital forms of NDI.\[[@ref1]\] The various causes of DI are shown in [Table 1](#T1){ref-type="table"}.

###### 

Etiology of diabetes insipidus in children
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A[PPROACH TO]{.smallcaps} D[IAGNOSIS]{.smallcaps} {#sec1-2}
=================================================

Clinical features {#sec2-1}
-----------------

Polyuria, defined as quantified urine output of more than 4 ml/kg/hr in children (more than 6 ml/kg/hr in neonates) and polydypsia, defined as water intake of more than 2 L/m^2^/d (or more than 5 L/d) and failure to thrive or growth retardation are essential features of DI.\[[@ref3]\] Although the signs and symptoms of DI vary with the etiology, the loss of excess of free water, excessive thirst, dehydration, and hypernatremia manifests differently in different age groups depending on their ability to replenish water. Infants may present with a vigorous suck, vomiting, recurrent episodes of fever without an apparent cause, excessive crying, irritability, weight loss, constipation, and excessively wet diapers. Younger children often manifest with primary enuresis and difficulty in toilet training. Older children characteristically have high urine output and nocturia leading to disturbed sleep and easy fatigability.

Polydypsia may be intense or uncontrollable and may involve craving for ice. Anorexia due to preference of water over food results in loss of weight and failure to thrive. Irritability, fatigue due to disturbed sleep and affection of linear growth is seen in all age groups. Seizures due to severe hypernatremia, hyperosmolar dehydration and potential hypoxia may lead to neurological sequel in the form of intracranial bleed and developmental delay. Death due to hypovolemic shock or hypernatremic seizure has been reported.\[[@ref1][@ref3][@ref4]\] The age at presentation and onset of polyuria and polydypsia varies \[[Table 2](#T2){ref-type="table"}\].

###### 

Clinical characteristics of patient presenting with centran and nephrogenic diabetes insipidus
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Central DI {#sec2-2}
----------

The onset is usually abrupt in CDI due to trauma or neurosurgical intervention and is gradual in other non-trauma conditions. The age at presentation varies. Severe neonatal forms are rarely described in children with CDI. The familial autosomal dominant form of CDI presents by 5-6 years of age but may manifest as late as the third decade.\[[@ref5]\] The familial autosomal recessive form manifests in infancy and the age of presentation of Wolfram syndrome Diabetes Insipidus, Diabetes Mellitus, Optic Atrophy, and Deafness syndrome (DIDMOAD) may be variable.\[[@ref4][@ref5]\] Developmental defects of midline brain structures like septo-optic-dysplasia, holoprosencephaly, pituitary hypoplasia and stalk defect, corpus callosum agenesis etc may present early. These children also have defective thirst perception.\[[@ref6]\] Trauma to the base of brain, even minor, can cause transient or permanent CDI and 50% of children with fracture of sella turcica develop CDI which may be delayed as late as 1 month post injury.\[[@ref7]\]

Neoplasms causing CDI may present with neurological features like headache, visual disturbance and other pituitary hormone deficiencies if associated. Tuberculosis, sarcoidosis, langerhan cell histiocytosis, lymphocytic hypophysitis are common infiltrative lesions, the latter accounting for \> 50% cases of idiopathic CDI. Meningitis or encephalitis due to meningococci, cryptococcus, listeria, cytomegalovirus involving the base of brain may present as transient CDI.\[[@ref4]\] Neurosurgical intervention more so in the suprasellar area, causes CDI acutely with the characteristic "triple phase" response. The first phase of transient DI, lasting 0.5 to 2 days, is attributed to axonal shock and/or edema interfering with vasopressin secretion followed by anti diuretic phase, lasting 10 -14 days, due to unregulated release of vasopressin. Finally the phase of permanent DI sets in if more than 90% of vasopressin secreting neurons have been destroyed. Marked antidiuretic phase portends a permanent CDI.\[[@ref4][@ref8]\] CDI is a pathognomonic marker of hypoxic brain death and 15% of these children recover their brain functions.\[[@ref9]\]

Nephrogenic DI {#sec2-3}
--------------

In children acquired causes of NDI are more common.\[[@ref2]\] Congenital forms are more severe and difficult to treat.\[[@ref1][@ref4]\] Congenital X linked NDI is essentially a disease of males and can rarely affect females due to extreme lyonization of X chromosome.\[[@ref4][@ref10]\] Congenital NDI (X-linked, autosomal dominant, autosomal recessive forms) develops early and manifests as early as the first week of life. Severe forms present in utero as polyhydramnios and premature birth. In some children polyuria and polydypsia may be seen after weaning from breast milk as the low sodium and protein content in breast milk causes a lesser solute load for the kidneys to excrete.\[[@ref4]\] Thirst is more severe than CDI and difficult to satisfy. Children may present with recurrent episodes of fever, vomiting, dehydration and often get treated for sepsis. Marked growth failure is seen. Unlike CDI, mental retardation is seen with variable severity in children with NDI attributed to intracranial calcification.

Acquired cause of NDI is essentially due to drugs- Lithium, demeclocyclin, foscarnet, clozapine, amphoterecin B, methicillin and rifampin. Hypercalcemia and hypokalemia also causes excess free water excretion, with the exact mechanism being unknown.\[[@ref1][@ref4]\] Mobile fecoliths may be palpable in the abdomen along with an enlarged bladder and occasionally enlarged ballotable kidneys due to hydronephrosis.\[[@ref2][@ref4]\]

Primary polydypsia is usually gradual in onset. Absence of nocturia, need to drink water in the night, lack of interference in daily activity and normal growth are pointers to absence of a pathological cause.

Laboratory diagnosis {#sec2-4}
--------------------

The initial step in the diagnosis of DI is to ascertain the presence of polyuria which can be established with an accurate 24 hours urine output measurement either by direct collection or indirectly by weighing the diaper in smaller children and infants. Urine output more than 4 ml/kg/hr in infants and children and more than 6 ml/kg/hr in newborn is suggestive of polyuria. Once polyuria is established, it is necessary to rule out solute diuresis i.e glucosuria, hypercalciuria or uremia by urine analysis and biochemistry. Measurement of serum potassium and calcium concentrations is also important to exclude the possibility of polyuria secondary to hypokalemia or hypercalcemia.

Presence of polyuria in the absence of solute diuresis should raise the suspicion of DI. CDI and NDI could manifest as partial or complete forms. The first morning urine specific gravity is a useful screening test and urinary specific gravity of more than 1.010 makes the diagnosis of DI less likely. In young infants, finding a distinction between normal and pathological inability to concentrate urine may be difficult because infants generally exhibit a constitutional hyposthenuria. Early morning measurement of simultaneous serum osmolality, urine osmolality and serum electrolyte is essential in pediatric age group while assessing a case of suspected DI. Urine osmolality of more than 800 mOsm /kg with a serum osmolality of less than 270 mOsm/kg rules out the diagnosis of DI, whereas dilute urine with an osmolality of less than 300 mOsm/kg, and a serum osmolality of more than 300 mOsm/kg effectively establishes the diagnosis.

If the initial serum osmolality is less than 300 mOsm/kg, a water deprivation test is done to confirm the diagnosis and 1-deamino-8D-arginine vasopressin (dDAVP) test is done to distinguish between CDI and NDI. Measure of post water deprivation osmolality is an "indirect test" of vasopressin sufficiency, whereas measurement of vasopressin (AVP) levels post water deprivation is a "direct test" of vasopressin action. Water Deprivation Test (WDT) is a potentially life threatening test and should be performed only in the centers with expertise \[[Annexure 1](#T3){ref-type="table"}\].

###### 

Water deprivation test
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Various studies suggest that the combination of the water deprivation test and direct AVP determination would allow the diagnosis of more than 95% of all cases of DI correctly.\[[@ref11][@ref12]\] The dehydration test has been questioned as the diagnostic reference standard for several reasons. First, the long dehydration period may provide not only an osmotic but also a volume stimulus.\[[@ref13]\] Second, it has been shown that dehydration alone may induce considerable AVP-independent urine concentration.\[[@ref14]\] Chronic polyuria per se impairs the renal medullary concentrating gradient and down-regulates aquaporin-2 synthesis, and hence response to desmopressin can be attenuated in patients with DI.\[[@ref15][@ref16]\]

Direct AVP measurement is recommended to overcome these limitations.\[[@ref12]\] but there are caveats. It is required that whenever the direct test is applied, the osmotic stimulus has to be pursued until hypertonic levels of serum osmolality have been attained (\>295 mOsm/kg). AVP assay has failed to be a diagnostic reference standard to date due to its methodological limitations- a very short half life of 10 -30 minutes, high pre analytical instability and high turn around time in most laboratories.\[[@ref17]\] Measurement of Aquaporin-2 excretion is being used to differentiate NDI and CDI. The urinary excretion of Aquaporin-2 increases following desmopressin administration in CDI, while there is no increase in NDI.\[[@ref2][@ref4][@ref18]\] More recently plasma copeptin levels have been studied as a surrogate marker of AVP. Copeptin, the C-terminal part of the AVP precursor, co-secreted with AVP is much easier to measure. It was demonstrated that plasma copeptin is a valuable surrogate of AVP release in patients with the DI, exhibiting a promising diagnostic potential.\[[@ref19][@ref20]\]

Magnetic resonance imaging pituitary {#sec2-5}
------------------------------------

MRI pituitary is an important tool for assessment of etiology of CDI, and should always be performed after gadolinium injection, to check for abnormal enhancement within the stalk. It is also important to perform MRI after the patient is well hydrated as the intensity of posterior pituitary bright signal is inversely related to the degree of dehydration. MRI findings have been heterogenous and the most common feature is the absence of posterior pituitary bright signal.\[[@ref21]\] However in familial CDI, when evaluated during infancy or early childhood, and chronic neurogenic hypernatremia, the bright signal remains visible. Besides the bright signal, the size of the adenohypophysis and pituitary stalk thickness (PST) are of important diagnostic value. The pituitary stalk is considered enlarged if at least part of the stalk is found to have a diameter of \> 2.0 mm\[[@ref22]\] PST is observed in almost one third of children with CDI, and may be the first sign of a germinoma (15%) or of stalk infiltration, as in Langerhans cell histiocytosis (LCH - 15%). CDI with PST remains idiopathic (70%) in most cases.\[[@ref22]--[@ref24]\] Spontaneous regression of PST has been observed in some children. Changes in the size of PST and in the size of the adenohypophysis are observed during the first 2 or 3 years, and remain unchanged thereafter. The natural history of idiopathic CDI with PST is unpredictable. Determination of tumor markers in blood and Cerebrospinal fluid (CSF) helps in diagnosis. In idiopathic PST, repeat MRI and tumor marker estimation is done every 3 -- 6 months during the first 3 years. Subsequently, MRI evaluation is performed once per year for 2 years and every 2 -- 5 years thereafter, depending on the size and progression of the lesion. Biopsy is not recommended if PST is less than1.7 mm in diameter and is well delimited.\[[@ref22][@ref25]\]

Renal sonography {#sec2-6}
----------------

It helps rule out primary renal disorders like polycystic kidney disease, ureteral obstruction etc. Massive hydronephrosis and mega ureters are seen in children with polyuria- polydypsia of long standing duration.

Gene testing {#sec2-7}
------------

Gene testing for the familial forms of CDI and NDI are not commercially available.

T[REATMENT]{.smallcaps} {#sec1-3}
=======================

The therapeutic goals are primarily to reduce polyuria and decrease the thirst so that the child is able to grow adequately and maintain a normal life style. The specific therapy depends on the etiology.

This could be achieved by:Providing free access to waterDietary management to optimize free water excretion.Therapy with vasopressin analogue -- desmopressin in CDITherapy with drugs to enhance water reabsorption in NDITreatment of the underlying cause as in NDI.

It is necessary to provide inpatient care to these children especially those presenting with dehydration, hypernatremia and significant failure to thrive.

***Free access to water should*** be allowed in children with **DI**. This facilitates maintenance of tonicity if the thirst mechanism is intact; however, it is very inconvenient to drink lots of fluids. Long standing excess fluid intake may cause hydronephrosis and hydroureter and may also lead to fluorosis if the florid content of the water is high.\[[@ref4][@ref26]\] Fluids alone can be a management strategy in very young infants and neonates. As they have a high obligatory oral fluid intake, vasopressin therapy may cause hyponatremia. Hence it is better to manage them with fluids alone. It is indeed very challenging to manage these babies who are chronically thirsty and show poor growth and parents have difficulty coping with the large amount of fluid intake and urine output and avoiding the life threatening complication of hyponatremia. Occasionally, the use of thiazide (hydrochlorthiazide 2-4 mg/kg/dose) twice daily with or without amelioride has been recommended to ameliorate the symptoms. Parenteral dDAVP in CDI has been used in some centers in a dose of 0.02 -- 0.8 μg/dose subcutaneously once or twice a day; however, this is not yet an approved standard of care.\[[@ref4][@ref27][@ref28]\]

Dietary management {#sec2-8}
------------------

Modification in the diet is helpful in decreasing solute load to the kidneys and has been shown to be useful especially in NDI. Diet with low sodium, low protein with high calories providing a high calorie: solute ratio is recommended. It is recommended to restrict oral sodium intake to 1 meq/kg/d and protein intake 2 g/kg/d. It is more prudent to restrict salt than proteins which are essential for growth\[[@ref2][@ref29]\] \[[Table 3](#T4){ref-type="table"}\].

###### 

Interpretation of water deprivation test
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Vasopressin and its analogue {#sec2-9}
----------------------------

In older children with CDI aqueous vasopressin, lysine vasopressin, de-amino, D arginine vasopressin (dDAVP) may be used to minimize water excretion \[[Table 4](#T5){ref-type="table"}\]. **Desmopressin** (1-deamino-8-*D*-arginine vasopressin, dDAVP) is the current drug of choice for long-term therapy of CDI.\[[@ref2][@ref4][@ref30]\] This synthetic analogue has more specific antiduretic action, negligible pressor activity and a longer half life than the native molecule. It can be given parenterally, orally, or intranasally. Oral tablets although 20 folds less potent than the intranasal form, are highly effective and safe in children, with more flexibility of dosing and have largely replaced the intranasal form.\[[@ref4][@ref31][@ref32]\] The recommended dose off dDAVP is 100- 1200 μg /day in three divided doses orally; 2-40 μg once or twice a day intranasally; and, 0.1-1 μg parenterally.\[[@ref4]\] There is a large variability in action amongst individuals and hence the duration between doses needs to be determined in each patient. It is a safe practice to allow a short period of diuresis between two doses. Dilutional hyponatremia, headache, hypertension and nasal congestion are some of the side effects occasionally seen. Vasopressin tannate in oil is also used in the dose of 2-5 U intramuscluar every 25 - 72 hours. Lysine vasopressin is used if shorter duration of action of 2 - 8 hours is needed \[[Table 4](#T5){ref-type="table"}\].

###### 

Vasopressin and vasopressin analogues
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Perioperative management of Central DI\[[@ref4][@ref18][@ref33]\] {#sec2-10}
-----------------------------------------------------------------

In children acute onset of CDI either during or soon after neurosurgery is managed with care to avoid hyponatremia. As fluid intake more than 1 L/m^2^/d periopertatively results in dilutional hyponatremia; and, restriction of fluids to 2/3 normal maintenance is recommended. Onset of DI is suspected if the child becomes polyuric with a serum sodium of \>145mEq/l and the Serum Osmolality of \>300mOs/kg, wherein an intravenous infusion of aqueous vasopressin in the dose of 0.5 mU/kg/hr is started and titrated every 10 minute as to maintain a urine output of less than 2 ml/kg/hr and a stable rate of intravenous fluid and vasopressin infusion is maintained. This exercise needs frequent monitoring of the serum electrolytes (hourly), urine output,vital signs and post operatively must be carried out in the Intensive Care Unit (ICU). It is advisable to switch to oral fluids as soon as possible as the fluid intake will then be driven by thirst and serum osmolality is better maintained. Intravenous dDAVP should not be used because of its long half life.

A known case of diabetes insipidus undergoing surgery\[[@ref4][@ref33]\] {#sec2-11}
------------------------------------------------------------------------

If a known case of DI requires surgery and needs prolonged oral fluid restriction, the usual dose of desmopressin is withheld prior to surgery. The child is kept on 1 L/m^2^/d of restricted intravenous fluids. When the effect of the previous desmopressin dose wanes off and CDI sets in, intravenous aqueous vasopressin is started as per the perioperative CDI protocol described above.

A known case of Central DI receiving hydration therapy\[[@ref4][@ref34]\] {#sec2-12}
-------------------------------------------------------------------------

If a child with CDI is to receive high volume of fluid as part of hydration accompanying chemotherapy or forced dieresis, management of DI is difficult. The antidiuretic therapy needs to be discontinued and fluid intake should be increased to 3-5 L/m^2^/d which will help maintain the tonicity. As such a high fluid volume may compound the nephrotoxicity of anti cancer drugs, and a low dose aqueous vasopressin (0.08 - 0.1 mU/kg/hr) infusion is recommended with fluid volume of 3 L/m^2^/d to achieve better osmolar control and confer renal protection.

Other management in Central DI {#sec2-13}
------------------------------

As glucocorticoids are essential for insertion of water channels independent of vasopressin, cortisol deficiency inhibits free water clearance and adequate replacement if required helps achieve better control of DI. Decreased bone mineral density has been reported in children with CDI central diabetes insipidus.\[[@ref35][@ref36]\] Desmopressin replacement treatment does not help prevent or revert bone status abnormalities. In one adult study, osteoporosis (33.3%) and osteopenia (55.5%) was commonly seen. Serum osteocalcin (OC) levels were decreased, whereas levels of urinary cross-linked N telopeptide of type 1 collagen were significantly increased. This study also showed significant improvement in bone mineral density (BMD) after treatment with oral alendronate.\[[@ref36]\]

Treatment of Nephrogenic DI\[[@ref2][@ref4][@ref18]\] {#sec2-14}
-----------------------------------------------------

In NDI, commonly due to acquired cause, treatment of the underlying cause is essential. NDI is a severe form of DI and difficult to treat. Despite adequate control, growth retardation and mental retardation is often found on long term follow up. Besides providing access to free water and diet, and providing a high calorie to solute ratio, the therapeutic options are mostly to ameliorate the sodium and water loss in the urine. Hydrochlorthiazide in a dose of 2 - 4 mg/kg/day in divided doses is the most useful therapy in NDI. This drug works by enhancing sodium excretion at the expense of water. Amelioride given additionally or alone has similar effect but is useful in preventing hypokalemia. Dose used is 0.3 mg/kg/d. Indomethacin (2 mg/kg/d) further enhances proximal tubular water reabsorption, but has significant side effects. The combination of thiazide and amelioride is the most commonly used regimen. High dose dDAVP along with indomethacin has been found useful in animal studies with V2 receptor mutations.

C[ONCLUSION]{.smallcaps} {#sec1-4}
========================

DI is not a very common pediatric endocrine disorder and NDI is more common than CDI. The clinical presentation varies with age of onset and underlying etiology. Water deprivation test is useful in establishing a diagnosis of DI and helps differentiating between NDI and CDI. Desmopressin is the drug of choice for CDI therapy, the oral formulation being more preferred. Treatment of NDI is essentially to treat the underlying cause, and drugs like thiazide, indomethacin help decrease water excretion.
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